Using Embedded-atom-method (EAM) potential, we have performed in detail molecular dynamics studies on a Fe adatom adsorption and diffusion dynamics on three low miller index surfaces, Fe (110), Fe (001), and Fe (111). Our results present that adatom adsorption energies and diffusion barriers on these surfaces have similar monotonic trend: adsorption energies, E d(111) . On the Fe (110) surface, adatom simple jump is the main diffusion mechanism with relatively low energy barrier; nevertheless, adatoms exchange with surface atoms play a dominant role in surface diffusion on the Fe (001).
Introduction
Understanding the processes of nucleation and growth on a substrate surface is of importance for growing highquality thin film materials. The diffusion energetics and dynamics of atomic adsorbates on a substrate play an important role in crystal growth, thin film formation, reactivity, catalysis and other surface processes. On the atomic scale, investigating the diffusion behaviors of single adatom on the surface, aids our understanding of the mechanism of these surface processes. These issues are of great interest for scientific reasons and technological applications. These problems have been intensively studied experimentally and theoretically.
Atom diffusion on body-centered cubic (BCC) metal surfaces has not been studied as extensively as facecentered cubic (FCC) metal surfaces (for a review see [1, 2] ). Atom diffusion on the BCC Fe [3] [4] [5] [6] [7] , W [8] , Mo [9, 10] surfaces was studied experimentally using the STM, the reflection high-energy electron diffraction (RHEED), ion scattering, spin polarized low energy electron microscope (SPLEEM) and low energy electron diffraction (LEED) techniques, but the dominant diffusion mechanism could not be identified. Theoretically, using First Principles [11] , Molecular Dynamics [12] [13] [14] [15] and Monte Carlo (MC) [16, 17] , it has been investigated intensively [18] .
Iron is a very common metal for application. Abundant work has been done on atom diffusion on the Fe surfaces for comparison. STM observation at the temperature range of 20˚C ~ 250˚C has been reported that the activation energy of a Fe atom diffusion on Fe (001) surface yields 0.45 eV [3] . Using EAM potential, H. Chamati [12] et al. carried out molecular dynamics studies on Fe self-diffusion on Fe (001) and gave adatom diagonal-exchange diffusion mechanism. In [15] , they investigated a vacancy diffusing on the Fe (100) surface by Molecular Dynamics technique. However, little work has been done about adatom diffusion on Fe (110) and Fe (111) surfaces. Finite temperature molecular dynamics simulations are very helpful to study adatom diffusion, as they allow tracking the adatom on the surface. Moreover, it is convenient to find low energy diffusion path and new diffusion mechanism.
In this paper, using EAM potential [12] of iron, molecular dynamics studies have been carried out on a Fe adatom diffusion on three low index surfaces, Fe (110), Fe (001), Fe (111). Due to different structural stability of these three surfaces, it is well known that the Fe (110) surface is more stable than the Fe (100) surface, and the Fe (111) surface is the most unstable surface [12] . We have found that adatoms diffusion mechanism is diverse extremely by our molecular dynamics simulations. On the compact Fe (110) surface, adatoms diffuse rapidly by simple hopping mechanism. However, on the Fe (001) and Fe (111) surface, it is difficult to diffuse by simple hopping of adatoms. Adatoms exchange with substrate surface atoms is a frequent occurrence on the Fe (001) surface.
Methods
Our simulations were performed by using Embeddedatom-method (EAM) potential for BCC Fe [12, 19] . Although the potential is semi-empirical, it can give reasonable results about the bulk Fe and Fe (001) surface [12, 15] , such as elastic constants, phonon dispersion curves, vacancy and atom diffusion.
Our modeling calculations were performed by using twenty 400-atom (total 8000 Fe atoms) layers as a substrate eliminating sufficiently small size effect, with periodic boundary conditions in the two directions parallel to the surface. Fe atoms in upper eighteen layers of the slab with a 20 Å vacuum to eliminate the interaction between its two surfaces are free to relax in the three directions. Nevertheless, Fe atoms of the lowest two of the slab are fixed to the BCC positions. To control the system temperature to be isothermal, the velocity scale constant temperature scheme was applied. For the numerical integration, the Verlet algorithm was employed in our calculations at the constant temperature, constant pressure (NPT ensemble), with a time step of 2 fs. In order to determine the lattice constant at each simulated temperature controlled by the Andersen method [20] , used for properly constructing the simulation box. The NEB method [21] has been used to compute the energy barriers of low energy diffusion paths.
Results and Discussions

An Adatom Adsorption on Fe Surfaces
As listed in Table 1 , adsorption energies at different high symmetrical sites on three Fe low miller surfaces have been computed by using molecular dynamics relaxation technique, given by
where a , E surf and 1 N represent the adsorption energy, average atom energy of the N atoms slab, and average atom energy of the slab and an adatom, respectively.
E E 
Adatom adsorption energies at different adsorbed sites . They have the similar trend with surface structural stabilities for three low index surfaces of iron. The Fe (110) surface with the most compact surface atom structure has the minimal surface energy. However, the Fe (111) surface with the minimal surface atom density among the three low index surfaces has the maximal surface energy. As shown in the Figure 1 , we have presented schematic diagrams of an adatom adsorbed in the hollow site for Fe (110) (a), Fe (001) (b), Fe (111) (c) (d). For Fe (001) and Fe (110) surfaces, hollow sites have fourfold symmetry, whereas, threefold symmetry for Fe (111) surface. It is worth notice that, for Fe (111) surface, there are two (deep-and shallow-) hollow sites. An adatom adsorbed in the deep-hollow site (as Figure 1(d) ) is more stable and has higher adsorption energy (4.19 eV) than the shallow-hollow site (as Figure 1(c) ). In the Figure 1 , Arrows represent crystallographic directions. Interatomic separations (Å) within the first layer have been shown. Due to the adatom adsorption, surface atoms around it restructure to achieve the lowest energy. For the Fe (110) and Fe (001) surfaces, the four surface atoms around the adatom are all away from it. The first nearest-neighbor (1NN) distances increase, from 2.492 to 2.507 Å for Fe (110) and from 2.878 to 3.012 Å for Fe (001) surface, respectively. The adatom adsorbed on the Fe (110) apart (d) , we can find that the distance between the adatom adsorbed on the deep-hollow site and the nearest surface atoms is closer than that between the adatom adsorbed on the shallow-hollow site and its nearest surface atoms, 2.524 and 2.576 Å, respectively. For the distance between the adatom and the surface, it is shorter for the deep-hollow than shallow-hollow site, 0.739 and 1.297 Å, respectively. Similarly to the Fe (001) surface, more relaxation for the deep-shallow site when the adatom adsorbed on it results in lower energy with more adsorption energy than the shallow-hollow site.
An Adatom Diffusion on Fe Surfaces
To study adatom diffusion behaviors on Fe surfaces, we put one adatom on the free surface of a constructed slab and calculated the static energy barrier by the NEB method [21] : choose and change a certain freedom according to the diffusion path, then at each fixed increment of this freedom, all the other freedoms of the active atoms are fully relaxed. Firstly, we have calculated one adatom diffusion energy barrier in various high-symmetry directions chosen according to the Fe surface structure. Next, in order to find the low energy path of adatoms diffusion, we performed molecular dynamics simulations in the temperature range of 200 -1000 K. And then the energy barrier of the low energy path, compared with the former energy barriers, was computed by the NEB method.
In Table 2 , we have listed the diffusion energy barriers in various high-symmetry directions and low energy path, the values in references [12, 14] , and the corresponding experimental values [3, 4] . We noted firstly that our results are consistent well with the reported values. In the Figure 2 , low energy path of Fe adatom diffusion on the Fe (110) surface has been shown. This surface with the maximal atomic density is the most closely packed surface. The energetically stable configuration for a single Fe adatom on this surface is located in the fourfold position (Figure 2(a) ). The diffusion mechanism of a monomer is known to be performed by the translation from the stable site to the adjacent nearest-neighbor site, and occur by atomic hopping along the most compact direction, i.e. along [-111] Figure 2 we can find that Fe monomer diffusion energy barrier on Fe (110) surface is very low, only 0.24 eV, which is consistent well with the result that Chen [14] et al. reported, 0.30 eV. In our calculations, only a saddle point position (Figure 2(b) ) has been discovered, that is different from that Chen [14] et al. have reported that existed two saddle point during the process of the monomer diffusion on the Fe (110) surface. The physical origins of this difference maybe lie in the difference of the used potentials.
Single Fe monomer diffusion mechanism on the Fe (001) surface is very different from the Fe (110) surface. Diagonal exchange with a surface atom along the [110] direction happens frequently. In the diffusion process, the monomer at a fourfold hollow site (Figure 3(a) ) replaces a surface atom (Figure 3(b) ) along the diagonal [110] direction and then the later moves to the adjacent fourfold hollow site (Figure 3(c) ) from the Fe (001) surface. The energy barrier of the diagonal exchange mechanism is 0.49 eV which is consistent well with the results that reported experimentally with STM and RHEED measurement [3, 4] , 0.45 eV. Because of higher surface energy of Fe (111) surface, little work has been done about Fe monomer diffusion on this surface. On the contrary, single vacancy self-diffusion in Fe (111) surface has been studied by using the modified analytical embedded-atom method (MAEAM) [13] . As far as we know, molecular dynamics simulation has been performed firstly on adatom diffusion on this surface in this paper. Low energy diffusion path on Fe (111) surface has been presented in the Figure 4 . In this figure, the blue bold circle represents Fe adatom and the other circles represent surface atoms. It is obvious that the energy curve of self-diffusion along this path is symmetric. However, the saddle point position in the diffusing process is located at the bridge adsorption site (Figure 4(b) ). In this diffusing process, the diffusing atom moves from the deep-hollow site to the shallow-hollow site (Figure 4(c) ) across the saddle point by overcoming 0.97 eV energy barrier. The adatom diffuses from the deep-hollow site to the shallow-hollow site with a 0.08 eV energy barrier.
Conclusions
Single Fe adatom adsorption and diffusion properties on Fe (110), Fe (001), and Fe (111) surfaces have been studied by using molecular dynamics simulations. Adsorption energies and diffusion activation energy barriers of the adsorbed atom on these three low index surfaces have been calculated with Embedded-atom-method potential.
It is presented that adatom adsorption energies and diffusion energy barriers increase in turn according to the three surfaces, E a(110) < E a(001) < E a(111) , E d(110) < E d(001) < E d (111) . Because of the maximal surface energy of Fe (111) which is most unstable, it is more inclined to adsorb adatoms to reduce system energy. Therefore the energy barrier on Fe (111) surface has the highest value for the maximal adsorption energy on this surface. Our results present as well that adatom simple hopping is the main diffusion mechanism on the Fe (110) surface; nevertheless, adatoms exchange with surface atoms play a dominant role in surface diffusion on the Fe (001).
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